Protoplasts from a Triticum monococcum cell culture line were successfully infected with barley yellow dwarf virus. Both purified virions and extracted RNA were shown to be infectious using a polyethylene glycol inoculation procedure. Up to 209/00 of the protoplasts contained viral antigens as judged by immunofluorescence assay. ELISA analysis showed that virus antigen expression was both dose-and time-dependent. Synthesis of new viral RNAs was confirmed by Northern blot hybridization. Studies of the expression of this economically important aphid-borne, phloem-limited virus should be greatly facilitated using this graminaceous protoplast system. It is the first reproducible protoplast infection system for this virus which can not be transmitted mechanically at the whole plant level.
Barley yellow dwarf virus (BYDV) is a member of the luteovirus group and can cause significant economic losses to cereals (Bumett, 1984; Waterhouse et al., 1988) . The luteovirus group is characteristically aphid-transmitted in a persistent manner and phloem-limited in infected plants. BYDV has 25 nm icosahedral particles with a single-stranded RNA genome of approx. Mr 2 x 106. Unlike many other plant viruses, luteoviruses are not mechanically transmissible. BYDV is currently divided into five serotypes on the basis of the specificity of its aphid vector and serological properties of the virions. Although the sequence of the genome of the PAV serotype of BYDV has been recently completed (Miller et al., 1988) there is still little biochemical information available on the replication and host interactions of this virus. This is due in part to the difficulties associated with the low yields produced and with working with a phloem-limited virus in plants.
Protoplast infection systems have been described for two luteoviruses which infect dicotyledonous plants but none has been developed for BYDV, which infects monocotyledons. Both tobacco necrotic dwarf virus (TNDV) and potato leafroU virus (PLRV) can infect a high percentage of isolated tobacco mesophyll protoplasts (Kubo & Takanami, 1979) . In addition, isolated RNA from PLRV has been demonstrated to be infectious for tobacco protoplasts (Mayo et al., 1982) .
Attempts to develop a similar bioassay system for BYDV expression have resulted in only limited success. The work of Barnett et al. (1981) suggests a low level of infection of cereal protoplasts with the BYDV MAV serotype. These investigators concluded that the large variability and low level of infection which they observed made such an approach unsuitable as a useful bioassay for BYDV replication. The techniques described here establish for the first time an effective and routine method for infection of monocotyledonous protoplasts with BYDV virions or RNA.
A Triticum monococcum cell culture system provided a convenient and reliable source of graminaceous protoplasts suitable for infection with BYDV. A suspension cell culture line of T. monococcum was obtained from H. Lorz (K61n, F.R.G.) and maintained in WtMI medium t Present address: Plant Pathology Department, Iowa State University, Ames, Iowa 50011, U.S.A..
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which consists of the mineral salts of Murashige & Skoog (1962) , vitamin solution A (Caboche, 1980) , 5 mg/1 L-asparagine, 10 mg/1 glycine, 20 ml/1 Gibco coconut water, 50 mg/1 casein hydrolysate, l0 g/1 glucose, 20 g/i sucrose, 20 g/1 mannitol, 2 mg/1 2,4-dichlorophenoxyacetic acid, 0.2 mg/l kinetin, pH 5.8, autoclaved, 200 mosmol/1. For preparation of protoplasts the suspensions were subcultured weekly in a 1 : 3 (suspension : medium) proportion and maintained by shaking at 24 °C. Five days after subculturing, a 30 ml T. monococcum suspension culture was transferred to a 50 ml sterile tube and cells were pelleted at 100g for 5 min. The pellet was resuspended in 20ml of an enzyme solution ([l~ cellulysin (Sigma), 0-5~ hemicellulase (Sigma), 0-2~ driselase (Kyowa Hakko Kogyo, Japan)] in a 9:1 solution of 0-6 M-mannitol (Sigma) : artificial sea water (ASW; 311 mM-NaCl, 6.9 mM-KCI, 18.8 mM-MgSO4, 16-7 mmMgCI2, 6-8 mM-CaC12, 1.75 mM-NaHCO3, 10 mM-MES pH 6.0) and incubated by shaking at 60 r.p.m, in a shallow Petri dish for 12 to 18 h at 22 to 24 °C. After incubation, the protoplast mixture was passed through successive sieves of 280 ~tm, 100 p.m and 50 ~tm. An equal volume of ASW was added and the protoplasts were pelleted at 100 g for 5 min. The protoplasts were then washed twice by resuspending in 1 : 1 (0.6 M-mannitol : ASW, pH 6) followed by centrifugation. The washed pellets were resuspended in 0-6 M-mannitol, 3 m~-MES pH 6 and the density was adjusted to 106/ml by counting aliquots using a haemocytometer. Protoplasts were inoculated with purified virions or RNA of the PAV and RPV serotypes of BYDV using a method similar to that described by Samac et al. (1983) but with several modifications. Although several minor modifications to the original Samac procedure were made, deionizing the PEG solution is probably the most significant. Our modified protocol utilizes 200 ~tl samples of the protoplast suspensions in l0 ml tubes which were pelleted at 100 g for 2 min. After removal of 175 ~tl of the supernatant the remainder was placed on ice. Various amounts of virions or RNA in a constant volume of l0 ~tl were mixed with the pelleted protoplasts. Immediately afterwards, 100 ~tl of polyethylene glycol (PEG) solutiofl (40~ PEG 1540, Polysciences, deionized with mixed bed ion-exchange resin, 3 mM-CaC12, pH 5.8) was added and mixed. After l0 s, 50 I~l of 0.6 M-mannitol was added and three further 50 ~tl aliquots were added at 15 s intervals with mixing on ice. Additional 100 ~tl aliquots of mannitol were added at 5 min intervals with mixing until the total volume reached 1 ml. After 5 min on ice, 1 ml ASW was added and the protoplasts were pelleted at 100 g for 3 min. Excess inoculum was washed from the protoplasts by resuspending in 2 ml mannitol :ASW (1:1), followed by a 100 g centrifugation to pellet the cells. Washed protoplasts were resuspended in 1 ml filter-sterilized GP1 medium consisting of mineral salts of Murashige & Skoog (1962) , vitamins (Green & Phillips, 1975) , 170 mg/1 L-asparagine, 1 g/1 L-glutamine, 63 g/1 mannitol, 20 g/1 sucrose, 1 g/l glucose, 20 ml/l Gibco coconut water, 2mg/1 2,4-dichlorophenoxyacetic acid, 0-1 mg/l 6-benzylaminopurine, 100 ~tg/ml cefotaxime (Roussel Pharmaceuticals, Australia), pH 5-8 (560 mosmol/1). Protoplasts were incubated for various times in 5 cm plastic Petri plates at 24 °C. After incubation, 1 ml ASW was added and protoplasts were pelleted by centrifugation. Protoplasts were then ~vashed a second time as described above. The final protoplast pellet was analysed for virus antigen or RNA as described. A typical 30 ml preparation of suspension cell culture yielded 5 × 106 to 10 x 106 viable protoplasts, of which 80~o remained viable after PEG treatment~ InocMated protoplasts began to undergo division after 72 h and remained viable after PEG treatment for at least 6 days.
Three lines of evidence demonstrate that T. monococcum cell culture protoplasts were infected with purified BYDV virions or RNA. First, immunofluorescence indicated that individual protoplasts were expressing viral antigen. Protoplasts showed fluorescence when they were treated with rhodamine-conjugated IgG 48 h after inoculation with BYDV virions or RNA. Fig. 1 compares the fluorescence of BYDV PAV-infected and non-infected protoplasts. In other experiments we found that the RPV serotype of BYDV demonstrated similar levels of fluorescence. The proportion of infected protoplasts, estimated as the percentage of cells which showed strong fluorescence, ranged from 5 to 20~ in five different experiments in which both ELISA and immunofluorescence results were analysed.
Several control experiments revealed that the rhodamine staining was specific for BYDV antigen. Protoplasts treated with PEG in the absence of virions, or with virions in the absence of (Waterhouse et al., 1986) was diluted 1/100, applied to alcohol-fixed protoplasts, and incubated for 30 min at 37 °C. Protoplasts were then washed five times with phospate-buffered saline (PBS; Clark & Adams, 1977) to remove unbound BYDV serum and subsequently incubated with a 1/100 dilution of goat anti-rabbit IgG conjugated to rhodamine (Cappel Laboratories) for an additional 30 min. After a second series of five PBS washes to remove unbound rhodamine-conjugated IgG, the protoplasts were examined by fluorescence microscopy. The same protoplasts are photographed under (a) phase contrast or (b) epifluorescence illumination using interference filters for rhodamine. An infected protoplast is indicated with the solid arrow, and an uninfected protoplast is indicated by the open arrow.
PEG, showed the same low level ( < 1 ~) of fluorescence as untreated protoplasts. Protoplasts inoculated with brome mosaic virus (BMV) R N A , using the same P E G procedure, demonstrated no fluorescence when probed with BYDV antiserum but did show fluorescence in up to 60 ~ of protoplasts when probed with BMV antiserum. Protoplasts which were inoculated with BYDV virions or isolated virion R N A using P E G demonstrated the same type of fluorescence characteristics, suggesting that the fluorescence was not simply the result of virion inoculum being bound to the outside of the protoplasts in the presence of PEG.
Secondly, ELISA provided quantitative evidence that inoculation with virions or R N A resulted in dose-and time-dependent replication. Fig. 2 (a) shows a typical dose-response curve observed for protoplasts inoculated with increasing amounts of virions and assayed by ELISA 48 h later. Maximum ELISA values were obtained using 10 ktg of purified virus. This is slightly higher than the optimum observed for other viruses in protoplast systems (Harrison & Mayo, 1983) . Similar dose-response curves for BYDV R N A are shown in Fig. 2(b) . Maximum E L I S A values were obtained when 5 to 10 ~tg of R N A was used as inoculum. No viral antigen was detected when the R N A inoculum alone was tested by ELISA. To establish the time course of expression of virus antigen, protoplasts were sampled at intervals after inoculation and assayed by ELISA (Fig. 2c) . BYDV antigen was first detected after 48 h and reached a maximum 24 h later. An incubation period greater than 72 h did not significantly increase the ELISA values (Fig. 2c) .
Two types of controls verified the validity of the ELISA assay as an indication of replication of BYDV in the protoplasts. Protoplasts incubated with virions but without P E G treatment ( -P E G ; see Fig. 2a ELISA values. Likewise, samples in which protoplasts were PEG-inoculated with increasing amounts of virions but collected immediately (To; Fig. 2a ) gave similar ELISA values as -PEG controls. These controls indicate that there is little carry-over of the original inoculum and that the ELISA values obtained from virion-inoculated protoplasts are not due to the input virions. Furthermore, the observation that viral antigens were detected when purified RNA alone was used as inoculum, demonstrates that the ELISA is detecting newly synthesized viral antigens. The advantage of the ELISA as compared to the immunofluorescence assay is its simplicity and quantitative nature. We observed a qualitative correlation between the ELISA and On: Thu, 06 Dec 2018 07:25:07 . Northern blot analysisofBYDV-inoculatedprotoplasts. Totalnucleic acidswere prepared from washed protoplasts by resuspending protoplasts in 400 Ixl extraction buffer (25 mM-EDTA, 1% SDS, 100 mM-Tris-HC1 pH 8.0), extracting twice with equal volumes phenol at 65 °C, followed by two extractions with 1:1 phenol :chloroform, and precipitating twice with ethanol. Nucleic acids were resolved on 1-5% agarose-formaldehyde gels (Maniatis et al., 1982) and transferred to Zeta-probe membranes (Bio-Rad). BYDV-specific sequences were detected using strand-specific in vitro synthesized 32p-labelled RNA probes transcribed from the BYDV internal cDNA clone pPA259 (Miller et al., 1988 ) and the hybridization protocol described by Church & Gilbert (1984) . Five ~tg BYDV PAV RNA was used to inoculate protoplasts. Lanes display (1) 1 txg purified BMV RNA; (2) 50 pg purified BYDV PAV RNA; (3 to 5) nucleic acids extracted at 0 h, 36 h or 60 h, respectively, after BYDV PAV RNA inoculation. G, genomic length BYDV PAV RNA; DG, degraded BYDV PAV genomic RNA; R, ribosomal RNA. BYDV and BMV genomic RNA Mr standards (x 10 -6) are indicated on the left.
immunofluorescence assays in five early experiments in which the two assays were compared. Inoculations which resulted in higher ELISA values gave higher percentages of infected protoplasts when treated using the rhodamine technique. However, a strict quantitative correlation between these two assays was not possible due to the variations associated with the fluorescence assay. Once we had established the correlation between these two assays we utilized only the ELISA assay in subsequent experiments to quantify BYDV infection. In these experiments, which have been repeated more than 20 times, consistent ELISA values were obtained which suggest over 20~ of protoplasts were infected.
Thirdly, Northern blot analysis demonstrated that inoculated protoplasts were synthesizing new progeny viral RNAs. Fig. 3 presents a Northern blot hybridization of total nucleic acids extracted from protoplasts inoculated with purified viral RNA. Nucleic acids were extracted from 0 to 60 h after inoculation and even though there appears to be some trapping of probe by the large excess of ribosomal RNA, there is no hybridization to the BMV RNA control (lane 1). Little intact inoculum RNA was observed at the zero time point (lane 3). This suggests that the majority of the inoculum RNA is quickly degraded during the PEG infection procedure and is consequently seen as a smear near the bottom of the autoradiograph. In contrast, full length genomic RNA appears to be synthesized from 36 h to 60 h after inoculation (lanes 4 to 5). The presence of new genomic length RNA implies that a complete RNA replication cycle is taking place within infected protoplasts.
The cell culture protoplast bioassay described in this report provides insights into BYDV biology. The protoplasts from a cell line that has been in culture for the past 18 years are probably in a state of cellular differentiation quite different to those derived directly from the whole plant. It is unlikely that these cultured cells closely resemble phloem cells found in the whole plant. However, the infection of these cell culture protoplasts demonstrates that these cells are biochemically competent to support virus replication. We have also observed similar infection of barley mesophyll protoplasts using this approach. These results are in contrast with others which have suggested that cereal mesophyll protoplasts are not competent to support BYDV expression (Barnett et al., 1981) . The difference between our results may be attributed to the inoculation procedure employed. PEG inoculation may be much more effective than the poly-L-ornithine inoculation procedure used for such protoplasts. Our findings are in agreement with others which have shown that tobacco mesophyll protoplasts are readily infected with PLRV and TNDV, both of which are luteoviruses that infect dicotyledonous plants (Kubo & Takanami, 1979) . It seems reasonable that the limitation of luteovirus infections to the phloem at the whole plant level is more likely a function of the inability of the virus to move systemically out of phloem cells than it is a function of the inability of other cell types to support viral replication.
In the past, studies of BYDV have been hampered by its inability to be mechanically transmitted. However, future investigations with BYDV should be greatly aided by the employment of this protoplast bioassay system.
